Two photosensitive hydrophobic probes, azido[3H]benzene and l-azido-4-iodo[3H]-benzene, have been compared for their effectiveness in labelling, selectively, the intramembranous domains of lipid and proteins. Both partition preferentially into the lipid bilayer and, upon irradiation, covalently attach to both phospholipids and membrane proteins; the more extrinsic polypeptides have a significantly lower specific radioactivity than that of the intrinsic species. Proteolytic experiments also reveal higher labelling of intramembranous regions of the proteins. Consistently, the iodinated form of the probe showed the greater preference for the non-polar phase and a higher degree of selectivity for labelling hydrophobic regions. The results also suggest that penetration through the annulus of tightly bound lipid surrounding integral proteins occurs readily.
Two photosensitive hydrophobic probes, azido[3H]benzene and l-azido-4-iodo[3H]-benzene, have been compared for their effectiveness in labelling, selectively, the intramembranous domains of lipid and proteins. Both partition preferentially into the lipid bilayer and, upon irradiation, covalently attach to both phospholipids and membrane proteins; the more extrinsic polypeptides have a significantly lower specific radioactivity than that of the intrinsic species. Proteolytic experiments also reveal higher labelling of intramembranous regions of the proteins. Consistently, the iodinated form of the probe showed the greater preference for the non-polar phase and a higher degree of selectivity for labelling hydrophobic regions. The results also suggest that penetration through the annulus of tightly bound lipid surrounding integral proteins occurs readily.
For an integral membrane protein to exist within the hydrophobic core of the phospholipid bilayer, it is conventionally assumed that sequences of nonpolar amino acids must be exposed to the lipid hydrocarbon environment. It is also envisaged that the interaction between lipid and integral protein is of sufficient strength to immobilize an annulus of lipid around the intramembranous polypeptide chain (Jost et al., 1973; Vanderkooi, 1974) . Indeed, such interactions may not only be highly specific for both the head group and the hydrocarbon tail regions (Warren et al., 1975) but also could play an important role in the modulation of protein activity (Warren et al., 1975) .
The method we have chosen to study the protein sequences exposed to the lipid environment makes use of lipophilic probes capable of generating reactive species within the bilayer when subjected to u.v. irradiation. Such probes must not only be very hydrophobic in nature but also partition into the bilayer in sufficient amounts, without disrupting the structural and functional integrity of the membrane. The synthesis and use of such reagents have been reported (Klip & Gitler, 1974; Abu-Salah & Findlay, 1977; Gupta et al., 1977) . In this report we compare two such probes, azido[3H]benzene and I-azido-4-iodo[3H]benzene, to evaluate the theoretical soundness of this approach and their potential usefulness as labels for intramembranous peptides. The study has been carried out on the erythrocyte since its membrane contains protein species whose disposition in the membrane has already been characterized (Steck, 1974) . In addition, several functional capacities identified with integral membrane proteins can readily be measured in order to monitor the effect ofthe probes on membrane activity. Vogel (1964) . I-Azido-4-iodo[3H]benzene was then synthesized by the method of Smith & Brown (1951) ; it appeared as a brown precipitate, which, after washing with water, was used without further purification at a specific radioactivity of 0.74 Ci/mol. I Isolation and labelling. 'Ghosts' were prepared by hypo-osmotic lysis with Tris-based buffers by the method of Dodge et al. (1963) (Sheltawy, 1975 Proteinase digestion of labelled 'ghosts'. Labelled 'ghosts', after extensive dialysis against 100 mmammonium bicarbonate, were suspended to 2-2.5 mg of protein/ml. These were incubated with 1 % proteinase (type VI from Streptomyces griseus) (lmg/100 mg of protein) for 3 h at room temperature, and then centrifuged (800OOg for 30min). The supernatant was retained for the determination of specific radioactivity. The pellet was washed by centrifugation as described above, then extracted with 5 vol. of chloroform/methanol (2: 1, v/v). The protein was precipitated at the interphase and, after washing with chloroform/methanol (1:1, v/v), methanol and then with water, was redissolved in 5% SDS in 25rmM-Tris/H2S04, pH8.0. A control tube, without proteinase, was treated similarly to ensure that there was no unbound material in the supernatant and to give a specific radioactivity for the total membrane protein.
Determinations
Acetylcholinesterase assay. The acetylcholinesterase activity associated with the membrane was assayed by the method of Steck & Kant (1974) .
Protein assay. Protein, in the 10-80,ug range, was determined by the manual ninhydrin method described by Hirs (1967) , with bovine serum albumin used as a standard.
Organic phosphate. This was determined by the method of Bartlett (1959) after prior digestion with 72 % perchloric acid to liberate inorganic phosphate.
Phosphate transport
Erythrocytes, washed thoroughly in 0.3 M-triethanolamine/citrate, pH 6.8, were preincubated with thiopentone, azidobenzene or 1-azido-4-iodobenzene for 30min at 24°C. Then 3,uCi (0.Sml) of 100mM-KH232P04 (specific radioactivity 0.06pCi/prmol of phosphate) was added to 4.5 ml of a 50 % haematocrit of washed erythrocytes in 0.3 M-triethanolamine/ citrate, pH 6.8. Samples (0.7 ml) were withdrawn at 0, 10, 20, 30, 40, 50 and 60min intervals, the tubes centrifuged at 5000g for Imin and 0.lml of the supernatant was transferred into 0.4 ml of 5 % trichloroacetic acid. Thorough mixing was again followed by centrifugation at 5000g for 5min and duplicate 0.1 ml samples were sampled for scintillation counting in 2 ml ofscintillant (0.5 % 2,5-diphenyloxazole/10 % naphthalene in redistilled dioxan). Transport rates were calculated from the graph of log(Ct/CO) against time, where C, represents c.p.m. remaining in the supernatant at time t.
Results

Characterization ofprobes
The spectral data obtained for both probes were consistent with values in the literature (Reiser & Wagner, 1971; Klip & Gitler, 1974) . 1979
The u.v. spectrum of azido[3H]benzene exhibited a peak at 248 nm with shoulders at 277 and 285 nm, and the spectrum of 1-azido-4-iodo[3H]benzene exhibited a peak at 258 nm and a shoulder at 297 nm.
Two major peaks, characteristic of aromatic azides, were present in the i.r. spectra of both compounds, the pseudosymmetric stretch at 1297 cm-' and the symmetric stretch at 2135 cm-' (Reiser & Wagner, 1971 Table 1 . The fraction of the probes partitioning into the bilayer was calculated as the percentage of the radioactivity co-pelleting with the 'ghosts' Gel filtration of the labelled membranes (60mg of protein), solubilized in 2.5 % SDS/I % 2-mercaptoethanol,was on a Sepharose 4B column (105 cmx 2.4cm) in 0.025 M-Tris sulphate/0. I % SDS, pH 8.0. Flow rate was 12ml/h; fraction volume was 5.4ml. Peak 1 contains spectrin components I and 11; peak 2 contains III, IV-1 and IV-2; peak 3 contains V, VI and VII; peak 4 contains the mixed micelles of SDS with membrane lipid and very hydrophobic by-products; peak 5 contains unbound material. The sialoglycoprotein is distributed between peaks 2 and 3. 0, Protein concentration (A280); A, radioactivity; a, organic phosphate.
1979 260 x When one considers these partition figures, it must be remembered that the membrane constitutes approximately 1 % of the volume of the suspension (10 mg total weight/ml) and only half of this is lipid. Thus the concentration of the probe within the lipid matrix is up to 3 orders of magnitude greater than in the aqueous phase.
Effect on phosphate transport
As a measure of the perturbation caused by the partitioning of these lipophilic reagents into the lipid bilayer, the effect on phosphate uptake by the human erythrocyte was determined (Fig. 1) . Compared with thiopentone, a lipid-soluble general anaesthetic that attains a maximal inhibitory effect at 0.5mM, neither of the hydrophobic probes showed significant inhibition either at this concentration or at the concentrations used in these studies. Only when these materials are used at concentrations nearing 10mM is any inhibition detectable.
Photoactivation and covalent attachment
The effect of irradiation time on the acetylcholinesterase activity associated with the membrane is shown in Fig. 2(a) . The relationship between irradiation time and the incorporation of azido[2H]-benzene, as non-diffusible radioactivity, assumed to be covalently bound, or very hydrophobic reaction by-products, is shown in Fig. 2(b) . An Despite the concentration of the probes outside the membrane being very much lower than within the bilayer, lOOmM-lysine was incorporated, as a precaution, into the reaction buffer to 'mop up' free nitrene formed in the aqueous phase. This is perhaps more important with azido[3H]benzene since there is more of this probe present in the aqueous phase than with I -azido-4-iodo[3H]benzene.
If the labelled membrane is dissolved in 2.5 % SDS and applied to Sepharose 4B, the profiles seen in Figs. 3 and 4 are obtained. The protein profile is identical with that obtained previously (Ho & Guidotti, 1975) with the positions of the various bands, as detected on SDS polyacrylamide gel disc electrophoresis, being indicated (Fairbanks et al., 1971 Fig. 5(a) . Much of the radioactivity runs ahead of the phospholipid bands in the region occupied by more hydrophobic species such as cholesterol.
In order to investigate the nature of this fastrunning material the following control was devised: 200mM-1-azido-4-iodo[3H]benzene in ethanol, the approximate concentration in the membrane, was irradiated under normal irradiation conditions. The photolysis products were added to untreated 'ghosts' to give a final concentration of 1 mm. It was calculated that these conditions would approximate to those pertaining in the lipid matrix, although the procedure must result in a gross overestimate of by-product formation owing to the absence of any other component in the irradiation system (e.g. lipid and protein). Of these photolysis products 92% became associated with the membrane (cf. 88 % in the presence of membrane) and, after exhaustive dialysis in the dark, the radioactivity in these 'control ghosts' was 30% of that retained in 'ghosts' labelled normally. This indicates that some of the more hydrophobic by-products might remain associated with the membrane even after exhaustive dialysis.
An attempt was made to remove these hydrophobic species by washing the dialysed membranes with a 1 % solution of bovine serum albumin (Table  2) ; 37% of the non-covalently bound by-products are eluted under these conditions from the control system. Although the control represents an extreme case, it does demonstrate some uncertainty about how much of the radioactivity associated with the lipid extract in the reaction system is not covalently bound to lipid after washing with bovine serum albumin. With dialysed labelled 'ghosts', washing with bovine serum albumin removes 31 % of the radioactivity. Thin-layer chromatography of lipid extracted from such washed membranes (Fig. Sb) shows that, although much of the high-mobility material has been removed, much of the remaining radioactivity does not co-run with the phospholipid bands. Because of the uncertainty as to whether we are observing unbound by-products or lipid species of mobility altered by binding of the probe, it is difficult to arrive at any meaningful estimate of the whether after dialysis alone or after washing with bovine serum albumin, all the by-products partitioned into the chloroform phase and less than 3 % of the radioactivity seen in the experimental system remained associated with the protein fraction.
Proteinase digestion of labelled 'ghosts' Specific radioactivities were determined for the peptide material removed by proteolysis and for material remaining membrane-bound, as described in the Methods section. The ratio of these values (Table 3) is used as a rough indication of the degree of labelling occurring from within the lipid bilayer. With this criterion, it can be seen that both probes preferentially labelled intramembranous domains, and that 1-azido-4-iodo[3H]benzene is by far the more efficient of the two probes in this respect.
Similar experiments on control 'ghosts' indicate that few radioactivity counts were released from the membrane along with the proteinase-solubilized peptides. The protein remaining membrane-bound in this case had a specific radioactivity not more than 3 % of that obtained after proteolysis of labelled Abu-Salah & Findlay, 1977) . At the concentrations used, neither probe affects anion transport in the intact erythrocyte. The proteolysis experiments indicate that the more hydrophobic the probe, the greater is its propensity to label membrane-bound constituents, suggesting that this binding is to the intramembranous regions of the polypeptide chain.
The results also show that there may be some labelling from the aqueous phase by azido[3H]benzene, even with the addition of lysine to the incubation buffer. With 1-azido-4-iodo[3H]benzene such surface labelling is much diminished. The addition of lysine to the buffer may mop up nitrene in, or available to, the aqueous phase, but the overall total labelling is not drastically decreased. Rather, the specificity of reagent-binding is increased. We would suggest, however, that this picture presents the worst possible situation, since it is likely that some hydrophobic sections are released from the membrane on proteolysis and that many hydrophilic peptides remain associated with the membrane. Both eventualities will affect the ratio of specific radioactivities to lessen the apparent preference for hydrophobic domains. Indeed, if the results are expressed in the form used by Klip & Gitler (1974) , after labelling with 1-azido-4-iodo[3H]benzene, it can be calculated that less than 5-% of the radioactivity is released in conjunction with 50% of the protein.
The usefulness of these probes is much more satisfactorily evaluated by exploring the binding pattern to an integral membrane protein of known molecular anatomy. This has now been achieved for the major sialoglycoprotein of the human erythrocyte. The results show that, with 1-azido-4-iodo[3H]-benzene, up to 90 % of the radioactivity bound to the protein is to be found in the 25-residue peptide that is thought to traverse the bilayer (Wells & Findlay, 1979) .
The ability of the probe to bind covalently to integral membrane proteins implies that the molecule is able to penetrate through the annulus of tightly bound phospholipid, which is believed to be associated with intrinsic polypeptides. However, the concentrations of the probes used for labelling cause no alteration in activity of the anion-transport protein, in contrast with the effect seen with much lower concentrations of hydrophobic anaesthetics. The results for thiopentone are shown here, but other lipid-soluble general anaesthetics also inhibit, some more strongly that thiopentone (I. M. Mitchell & J. B. C. Findlay, unpublished work). We believe therefore that probes, such as these investigated here, have a high potential in the study ofintramembranous protein sequences, membrane protein reconstitution, the interaction between membrane proteins within the non-polar milieu and in elucidation of the molecular anatomy of integral membrane proteins.
